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Mechanically well-defined stabilization systems have only recently become available, 
providing standardized conditions for studying the role of the mechanical environment on 
mouse bone fracture healing. The aim of this study was to characterize the time course of 
strength recovery and callus development of mouse femoral osteotomies stabilized with 
either low or high flexibility (in bending and torsion) internal fixation plates. Animals were 
euthanized and femora excised at 14, 21, and 28 days post-osteotomy for microCT 
analysis and torsional strength testing. While a larger mineralized callus was observed in 
osteotomies under more flexible conditions at all time points, the earlier bridging of the 
mineralized callus under less flexible conditions by 1 week resulted in an earlier recovery of 
torsional strength in mice stabilized with low flexibility fixation. Ultimate torque values for 
these bones were significantly higher at 14 and 21 days post-osteotomy compared to 
bones with the more flexible stabilization. Our study confirms the high reproducibility of the 
results that are achieved with this new implant system, therefore making it ideal for 
studying the influence of the mechanical environment on murine fracture healing under 
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ABSTRACT 
Mechanically well defined stabilization systems have only recently become available, 
providing standardized conditions for studying the role of the mechanical environment on 
mouse bone fracture healing. The aim of this study was to characterize the time course of 
strength recovery and callus development of mouse femoral osteotomies stabilized with 
either low or high flexibility (in bending and torsion) internal fixation plates. Animals were 
sacrificed and femora excised at 14, 21 and 28 days post-osteotomy for microCT analysis and 
torsional strength testing. Whilst a larger mineralized callus was observed in osteotomies 
under more flexible conditions at all time points, the earlier bridging of the mineralized callus 
under less flexible conditions by one week resulted in an earlier recovery of torsional strength 
in mice stabilized with low flexibility fixation. Ultimate torque values for these bones were 
significantly higher at 14 and 21 days post-osteotomy compared to bones with the more 
flexible stabilization. Our study confirms the high reproducibility of the results that are 
achieved with this new implant system, therefore making it ideal for studying the influence of 
the mechanical environment on murine fracture healing under highly standardized conditions. 
 
 
Keywords: murine fracture model, fracture healing, torsional strength, internal fixation, 
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INTRODUCTION 
With the decoding of the mouse genome and availability of mutant mice with a bone 
phenotype, mouse fracture models have become attractive tools for research in the molecular 
biology of fracture healing. However, while it is known that the mechanical environment 
plays a significant role on the course and speed of the fracture healing cascade, the previous 
lack of mechanically well-defined fracture stabilization systems for mice has made it difficult 
to use this animal model to study the role of the mechanical environment on the molecular 
processes during fracture healing. Intramedullary pinning of the femur or tibia is the most 
commonly described fixation method in mouse fracture experiments1, 2. While inexpensive 
and relatively simple, this fixation method does not provide any rotational and axial stability 
for the healing fracture 3. Furthermore, the marrow cavity, which serves as a rich source for 
nutrients and mesenchymal stem cells, is severely affected by the fixation implant, thereby 
further limiting its application.  
The need for better murine fracture fixation methods has been identified, and a range of new 
fracture fixation systems for murine fracture models have been developed and presented 
recently4, 5. In particular, the MouseFix™ murine fracture fixation system appears to be an 
attractive new development that promises to become a widely used model6. Through its 
locking screw design, it provides a well defined load transfer across the osteotomy gap from 
the bone, via the screws, and through the plate, without the plate being compressed onto the 
bone7. This is the prerequisite for a well defined and highly reproducible mechanical 
environment for the healing osteotomy. The model allows for different osteotomy gaps 
between 0 mm (with compression on the bone segments8) and three different gap widths 
between 0.22 and 0.66 mm. Furthermore, the implants are available in two configurations, as 
a conventional, solid plate and a plate where two plate halves attached to either fragment of 
the osteotomized bone are connected by flexible wires, which give the implant a higher 
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flexibility in bending9 and torsion. The combination of these two implants and different 
osteotomy gap widths allows for studying the influence of the mechanical environment on the 
molecular biology of fracture healing in a mouse model.  
Timely return to functional load bearing is an important target in clinical fracture treatment. 
Consequently, the measurement of the mechanical integrity of healing bones is a primary 
outcome parameter in experimental fracture healing studies that is used to distinguish the 
efficacy of different treatment methods. The goal of this study was therefore to determine the 
influence of bending and torsional flexibility, as defined through the different MouseFix 
fracture fixation implants, on the torsional stiffness and strength of the healing mouse femur 
over the course of the first four weeks of fracture healing. Additionally, we used microCT 
imaging to interpret our findings for mechanical strength recovery in light of fracture callus 
morphology and mineral density. 
MATERIAL AND METHODS 
Osteotomy and osteosynthesis 
All experimental procedures were approved by the animal ethics committees of the 
Queensland University of Technology and University of Queensland (UAEC approval 
number 0900000093). Femoral osteotomies, resulting in an osteotomy gap of 0.22 mm, were 
performed in 34 male C57BL/6 mice (age 9 weeks). These osteotomies were randomly 
stabilized with one of the two MouseFix implants: Either with the solid internal fixator plate, 
leading to a fixation with low construct flexibility (referred to as lowflex fixation) or with the 
two component plate, which results in a high construct flexibility (highflex fixation). The 
equivalent bending stiffness of the two plate types was measured using four-point-bending 
tests (according to ISO 9585, 1990 (E) Implants for surgery – Determination of bending 
strength and stiffness of bone plates) as 1.83 10-3 Nmm2 for the lowflex plate, and 14 times 
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lower in the highflex plate (0.126 10-3 Nmm2, n=3, p<0.001). Postoperative radiographs were 
taken (Figure 1) to assure complete osteotomy had been achieved and the fixation implants 
had been successfully applied. Mice were sacrificed at 14 (n=14), 21 (n=10) or 28 days 
(n=10) after surgery. The higher number of animals at 14 days was chosen to account for the 
expected increased variability of the results during the earlier stages of fracture healing. After 
sacrifice, radiographs were taken of each animal to confirm that the integrity of the fixation 
implants had been maintained throughout the experimental period. Finally, femora were 
excised, the implants carefully removed and the bones were wrapped in saline soaked gauze 
and frozen at -20 deg C.  
microCT analysis 
The bones were thawed and then scanned in a µCT 40 micro computed tomography scanner 
(Scanco Medical, Brüttisellen, Switzerland), at an energy of 55 kVp and intensity of 145 µA 
with 200 ms integration time. The scans resulted in an isotropic nominal resolution of 12 µm. 
From the reconstructed cross sectional images, a series of 350 slices (+/- 175 slices from the 
fracture gap) were used for the final analysis. Auto-contouring was used to define the outer 
boundary of the mineralized callus. Within the callus, newly formed, low mineral density 
bone and high mineral density bone were identified using x-ray attenuation levels as defined 
by the software as 240 – 480 (equivalent to a bone mineral density (BMD) of 356.25 – 876.2 
mgHA/ccm) and >480, respectively. Bone volume, tissue BMD and apparent BMD for these 
bone types were calculated using the scanner’s evaluation software. Total callus volume was 
defined as the sum of volumes of all mineralized tissue (including both low and high density 
bone) and non-mineralized tissue (with an x-ray attenuation level <240) within the region of 
interest. After scanning, the bones were wrapped in saline soaked gauze and frozen again at -
20 deg C.  
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Mechanical testing 
After thawing, the bone ends were carefully cleaned of soft tissue and embedded in PMMA 
cups. Throughout the preparation, embedding and testing, the bones were kept moist by 
wrapping them in PBS soaked gauze. The embedded bones were then inserted into a custom 
designed torsion testing setup for an Instron 5848 Microtester (Instron, Norwood MA, USA). 
One end of the bone was fixed, while the other end rotated at 0.5 deg s-1, while torsion angle 
and torque were recorded. Each bone was tested three times until two degrees rotation to 
determine torsional stiffness, and then once until failure to determine torsional strength. Both 
femora from each animal were tested, where the testing orientation was changed for the two 
bones in order to always twist them in internal rotation, similar to physiological loading. Test 
results were evaluated using custom routines written for Matlab software (The MathWorks, 
Natick MA, USA). Outcome parameters were calculated both in terms of absolute values 
(torsional stiffness in Nmm deg-1, ultimate torque in Nmm), as well as in percentages for the 
healing, fractured bone compared to the intact contralateral bone.  
Statistics 
Data evaluation and final statistical evaluation was performed with Microsoft Excel 
(Microsoft Inc., Redmond, WA, USA) and SPSS (SPSS Inc, Chicago IL, USA). Values are 
reported as mean ± SEM. A linear mixed model with a Bonferonni confidence interval 
adjustment was used to test for significant interactions between implant type (highflex or 
lowflex) and time point (14, 21 and 28 days post-osteotomy) with individual mice treated as a 
random effect. Each dependent variable was tested using independent t-tests where 
significance was accepted at p<0.05 (with marginal significance accepted at p<0.1 if the 
difference between means was greater than twice the SEM).   
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RESULTS 
The quantitative evaluation of the microCT scans showed a significantly higher total callus 
volume in bones stabilized with the highly flexible plate than the fixation with low flexibility 
(P<0.0001) at all time points (Figure 2). Segmentation of the callus into different volumes, 
according to bone mineral density, did reveal significant interactions between implant type 
and time point (S - Table 1). Non-mineralized tissue volume accounting for fibrous and/or 
cartilaginous tissue types was significantly higher in bones treated with highflex implants 
than lowflex implants at all time points, whereas low density bone volume was significantly 
higher in highflex implants at 21 and 28 days only. Low density bone volume significantly 
increased between 14 and 21 days with a marginal decrease between 21 and 28 days 
(P=0.089). High density bone volume was significantly higher for the bones stabilized with 
the lowflex implants at all time points and significantly increased between 14 and 21 days At 
14 days, the average tissue bone mineral density (BMD) of the low density callus for the 
samples with lowflex fixation was significantly higher than that of the highflex group (Figure 
3). For the bones of the lowflex fixation group, the values increased significantly from 14 to 
21 days, but then plateaued. For the highflex fixation group, the values increased linearly 
over time (p<0.05 between time points, r^2=0.997). No significant differences were observed 
at 21 or 28 days between lowflex and highflex fixation for tissue bone mineral density. 
The qualitative evaluation of the microCT scans demonstrated the temporal development of 
the fracture callus morphology (Figure 4). In the scans of the fractures stabilized with the 
lowflex plates (Figures 4 a, b, c, d, e, f), partial periosteal bridging across the osteotomy gap 
with relatively dense, woven bone has already occurred at 14 days. At 21 days, a ring of high 
density, woven bone bridges the osteotomy gap completely, both periosteally and 
intracortically (between the existing cortices) to re-establish the primary cortex. The callus at 
the osteotomy gap extends slightly into the marrow cavity, whereas on the periosteal aspect, a 
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thin coaxial layer of woven bone callus covers the primary cortex and extends along the 
entire length of the existing cortex between the inner screw holes. The outer boundary of this 
layer has consolidated, forming a thin, secondary cortex. By 28 days, this secondary cortex is 
fully established having a relatively uniform thickness, whereas the newly established 
primary cortex is undergoing remodelling in the process of removal. The porosity of the 
intracortical bridging callus at 28 days has also increased, when compared to the status at 21 
days, as a result of this remodelling process.  
The bones with highflex stabilization (Figures 4 g, h, i, j, k, l) showed extensive, low density 
periosteal mineralized callus formation by day 14. The periosteal callus appears to originate 
from the screw holes and extends towards the fracture gap. However the fracture gap has not 
bridged by mineralized tissue at this time point. Endosteally, a woven bone callus forms in 
the vicinity of the fracture gap, filling the entire marrow cavity at this site. By 21 days after 
surgery, intracortical bridging has begun and periosteal mineralization is significant. Similar 
to the bones fixed with lowflex implants, the formation of a thin external, secondary cortex 
can be observed along the outer boundary of the periosteal callus. Notably, the formation of 
the periosteal callus was obstructed by the two segments of the fixation plate and the 
connecting wires, and callus formed only in the gap between the two segments. Due to the 
limited volume of the periosteal callus in the lowflex plate stabilized fractures, minimal 
obstruction of callus formation by the solid plate was observed. At 28 days under flexible 
fixation, the woven bone callus has started to remodel and only loosely fills the volume 
between the original cortex and the new, still relatively thin and less dense external secondary 
cortex. Similarly, the endosteal callus at 28 days has become more porous. 
From the torque – torsional angle curves of the mechanical testing results, the torsional 
stiffness and ultimate torque were determined (S - Table 2). At 14 days healing time, the 
torsional stiffness of the lowflex stabilized bones had already reached 59% of the stiffness of 
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the contralateral, intact bone (Figure 5). There was no significant change in stiffness at 21 
and 28 days. The stiffness of the highflex stabilized bones started significantly lower than 
lowflex stabilized bones, with 27% 14 days after surgery, this increased significantly to 54% 
at 21 days with a further observable increase to 87% at 28 days (non-significant due to high 
variability between samples). Torsional stiffness between the highflex and lowflex fixation 
group was significantly different only at 14 days.  
In terms of ultimate torque, the bones stabilized with low flexibility had already regained 
68% of the strength of the contralateral bone at 14 days (Figure 6). The measured ultimate 
torque reached values of over 80% at 21 and 28 days, respectively, however this increase was 
not statistically significant in the lowflex fixation group due to high variability between 
samples at 14 days. Relative ultimate torque in bones fixed with the highly flexible plate 
significantly increased between 14 and 21 days, with no further change at 28 days. Ultimate 
torque for the bones from this group was significantly lower when compared to lowflex bones 
at 14 and 21 days, but there was no significant difference at 28 days.  
DISCUSSION 
We present for the first time a time-course of mechanical strength recovery of osteotomized 
femora treated with internal fixation plates of high or low flexibility using the MouseFixTM 
model. Fixation with low flexibility led to an early recovery of the bones’ mechanical 
strength, which reached 68% of the unfractured bones after only 14 days of healing time, and 
even 89% after 21 days. In contrast, the bones fixed with a highly flexible fixation plate were 
significantly weaker at the earlier two time points. While the ultimate torque values rapidly 
increased from 14 days (18% relative to contralateral, intact bone) to 21 days (71%), the 
bones under flexible fixation did not attain the strength observed in lowflex stabilized bones 
until the 28 day time point.  
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The quantitative and qualitative analysis of the microCT scans of the fractured bones aided in 
the interpretation of these mechanical testing results. It showed that the low flexibility 
fixation led to a small, but relatively dense woven bone callus which was partially bridging 
the osteotomy gap and thereby greatly contributed to the bones’ load carrying capacity 
already at 14 days after osteotomy. From histological evaluations of this experimental 
model9, it is known that this callus can be attributed to an intramembranous bone formation 
mechanism. At later time points, bridging of the two fracture segments was completed by this 
highly localized callus of high mineral density. In contrast, highly flexible fixation caused the 
formation of a large, periosteal callus of low mineral density. At 14 days this callus had not 
bridged and contained large areas of non-mineralized cartilaginous tissue, indicating an 
endochondral ossification pathway9. By 21 days, the low-density mineralized callus appears 
to be bridging the two fracture fragments on the microCT images, both through the small 
endosteal callus, as well as along the outer perimeter of the voluminous periosteal callus, 
leading to a significant increase in relative ultimate torque at 21 days for the high flexibility 
fixation group. In general, our results for total callus volume and callus composition are 
comparable to the few other published quantitative microCT evaluations of murine fracture 
healing. In the case of the lowflex implants with a minimal periosteal callus and therefore 
smaller total callus volume than the highflex stabilized bones or pin stabilized bones in other 
studies, the percentage of unmineralized tissue is higher due to overrepresentation of the 
(unmineralized) tissue in the intramedullary canal). 
Our experiment reports specific patterns of fracture healing and strength recovery under two 
internal fixation states of different stiffnesses, to highlight the use of the MouseFixTM implant 
system as a robust platform for fracture healing studies in the mouse. However we are unable 
to predict from our results what the most desirable fixation stiffness is to optimize fracture 
healing, as several different fixation implants of intermediate stiffness would need to be 
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employed. This will be investigated in future studies within our laboratory. Furthermore, in 
light of the absence of musculoskeletal models of murine limb loading, we are currently 
unable to calculate interfragmentary strain incurred with the two different implants in situ, 
thereby preventing any comparisons with previously reported optimal strain levels for bone 
fracture healing. However, preliminary calculations performed in our group indicate that for 
the same load applied, the fractured limbs stabilized with the highflex implants experience up 
to 50 fold the interfragmentary movement of those stabilized with the lowflex implants 
(unpublished results). This would indicate that the mechanical environment within the 
fracture gap is significantly different between the two implant types.  
In general, our results for the relative torsional stiffness for the lowflex stabilized bones 
versus the contralateral, intact limb correlate well with the data reported by Gröngröft et al. 9, 
who measured the bending stiffness of healing mouse femora in their experiments involving 
the same implant system but with a bigger fracture gap width of 0.44 mm (versus 0.22 mm in 
our experiments). We chose the minimal gap width (as opposed to no gap with potential 
compression) in an effort to achieve the highest possible degree of standardization for our 
experiments. We argue that the small gap width can be measured and controlled, whereas 
without a gap, the degree of compression within the fragments may influence the timing and 
mechanism of healing resulting in a less standardized system. The agreement of our results 
with those of Gröngröft et al demonstrates that within the limits explored in our experiments, 
the implant bending stiffness has a larger influence on the timing and mechanism of fracture 
healing in mice than the fracture gap width. 
For the bones fixed with lowflex implants, neither in Gröngröft’s nor in our experiments 
could a clear trend of the stiffness recovery over time be determined (Figure 5). Stiffness 
measurements are generally preferred for logistical reasons for the determination of the 
mechanical integrity in animal studies, because the bones can still be used for subsequent 
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histological analysis, thereby reducing the number of animals needed for the study. In large 
animal fracture healing studies, such as in sheep, it has been demonstrated that the stiffness of 
a healing, fractured bone is a good indicator for the progress of the callus formation towards 
bridging of the fracture10. However, after bridging has occurred, the subsequent callus 
maturation and remodelling processes lead to an increase of the strength of the bone, but the 
effect on the stiffness is minimal. Stiffness alone is therefore considered not suitable as a 
functional endpoint parameter for determining when a fracture has sufficiently healed. Based 
on our findings, this can also be applied to mouse bones. In our study, in the bones of the 
lowflex group, partial bridging had already occurred at our first examination time point. 
Subsequent increases in mineral density in the fracture callus had a minimal influence on the 
measured torsional stiffness. For this group, the fast healing makes it challenging to define 
time points between the time where the mechanical integrity of the healing bones is sufficient 
to allow for mechanical testing, and the time point where bridging occurs, in order to 
document the stiffness increase over time. In the highly flexible fixation group, which 
bridged later, stiffness measurements demonstrated increased values as the healing callus 
slowly progressed towards bridging. Ultimate torque measurements on the other hand 
demonstrated a significantly higher ultimate torque with lowflex fixation at 14 and 21 days 
suggesting that for fast healing rigid fixation models, ultimate torque measurements provide 
valuable additional information to document the healing progression towards pre-injury load 
carrying capacity. 
The results of our study, which show earlier recovery of torsional strength in murine fracture 
healing with less flexible stabilization implants, are in line with those of several other 
published murine fracture healing studies with comparisons between implants of different 
stiffness or stability8, 11, 12. However, in most studies the different levels of stability have been 
achieved using different implant types. This affects not only the mechanical environment for 
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the healing fracture, but also influences the biological environment. For example, in the case 
of fixation with an intramedullary pin, the implant will also cause a (partial) obstruction of 
the marrow cavity, which normally provides the supply of nutrients and undifferentiated cells 
to the fracture site. The physical obstruction of this space will influence the biological 
function of the marrow cavity in a different way, than is the case with a plate or external 
fixator system. Although the placement of the lowflex internal fixation plate caused a minor 
obstruction to periosteal callus formation on the side of the bone under the plate (Figure 4d 
and 4f), as the plate is not compressing or in direct contact with the bone surface, this does 
not alter the pattern of tissue formation following fracture, which may be the case in 
intramedullary pin fixation models where the biological environment has been modified. 
Therefore, in the interpretation of results obtained with different implant systems, it is 
challenging to differentiate between the effects of the changed mechanical environment and 
the effects of the altered biological environment. Consequently, we believe that one of the 
key advantages of the MouseFix™ implant system lies in the fact that the same plate implant 
is used for the different groups, which allows specific examination of the effect of the 
mechanical stability alone.  
In conclusion, our experiments demonstrated a rapid return of the mechanical strength for 
mouse bones stabilized with plates with a low flexibility, compared to the delayed recovery 
of mechanical strength of the bones stabilized with high flexibility. Whilst a significantly 
larger periosteal callus formed in the highly flexible fixation group, earlier bridging of 
mineralized callus occurred in the lowflex fixation group. This suggests that the return of 
torsional strength is dependent on the timing of bone formation across the fracture gap. 
Despite significant differences in the pattern of fracture healing, all bones treated with either 
implant reached more than 80% of the strength of an unfractured bone after only 28 days of 
healing time, illustrating the fast and robust healing of bone fractures in mice.  
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FIGURE LEGENDS 
Figure 1. Lateral femoral radiographs at sacrifice 21 days after osteotomy. Low 
flexibility “lowflex” fixation plate (Left); highly flexible “highflex” fixation plate (Right). 
Note the absent mineralized callus in lowflex fixation compared to a large periosteal callus in 
highly flexible fixation (arrow). A radiolucent fracture gap is still evident under highflex 
conditions compared to the relatively radio-opaque appearance of the fracture gap in the 
lowflex fixation group demonstrating earlier intracortical mineralized bridging under fixation 
conditions with low flexibility. 
Figure 2. Sum of high mineral density bone, low density bone and non-mineralized 
callus volume at 14, 21 and 28 days after femoral osteotomy in mice stabilized with either 
lowflex (“l”, solid border line) or highly flexible (“h”, dashed border line) fixation plates. 
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Total callus volume was larger in the highly flexible fixation group at all time points. Volume 
of non-mineralized tissue (white shading) and low density woven bone (light grey shading) 
was significantly larger in the highflex fixation group; and volume of higher density bone 
(dark grey shading) was significantly larger in the lowflex fixation group at all time points. 
Figure 3. Tissue BMD in mg HA/ccm evaluated for the low density bone compartment 
at 14, 21 and 28 days after femoral osteotomy in mice stabilized with either lowflex or 
highflex fixation plates. Peak bone mineral density (BMD) was achieved earlier in bones 
fixed with low flexibility, compared to bones fixed with high flexibility. Significant 
differences (p<0.05) between groups or time points are indicated by an asterisk. 
Figure 4. Representative microCT scan sections of the lowflex and highflex stabilized 
femora at 14, 21 and 28 days after osteotomy in mice. The left panel indicates a longitudinal 
section in the plane perpendicular to the position of the plate (medio-lateral/coronal plane, 
osteotomy indicated through dashed horizontal line). The right panel indicates an axial 
section at the osteotomy gap. The internal fixation plate was applied to the anterolateral 
aspect of the mouse femur, which is to the left in both longitudinal and axial sections.  
Figure 5. Relative torsional stiffness at 14, 21 and 28 days in femora stabilized with 
either lowflex or highflex fixation plates compared to the intact contralateral bone. 
Significant differences (p<0.05) between groups or time points are indicated by an asterisk. 
Figure 6. Relative ultimate torque at 14, 21 and 28 days in femora stabilized with 
fixation plates of either low or high flexibility compared to the intact contralateral bone. 
Relative ultimate torque was significantly higher in mice stabilized with a low flexibility 
fixation plate at 14 and 21 days post-osteotomy. Significant differences (p<0.05) between 
groups or time points are indicated by an asterisk. 
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